INTRODUCTION
Acoustic emission (AE) makes use of the ultrasonic signals which result from the release of energy within a sample or structure as it is subjected to stress. The physical source ofthese signals and their amplitudes is determined by the condition of the material and structure and the manner of stress application. AE is routinely used as an inspection technique to detect crack growth in metal structures subjected to pressurization or mechanical forces. It is also routinely used to detect fiber breakage in composite structures such as filament wound prcssure vessels and utility bucket trucks [1, 2, 3] . A technique to quantify prior impact damage using the AE generated by low level heating in polymerbased composites previously damaged by mechanical deformation has been investigated by the NSWC team [4] and by others [5, 6] . The studies presented here address the use of AE to characterize the condition of the bondlines between materials.
Any time a material undergoes failure there are generally only two ways for the failure energy to be released: (1) a temperature increase and (2) a mechanical movement in the material (sound wave). In the case of visco clastic material failure at low loading rates, the acoustic wave is expected to predominate. The use of passive AE to detect failure in materials is a well-established technique. The key problem with interpreting the AE signals on a material as complex as a hondline is identification of which of the components is producing the acoustic cmission.
EXPERIMENTAL CONSIDERATIONS
Various data acquisition and reduction schemes can be used. Among the simplest is the use of a strip chart recorder to record the rectified signal on a slow timebase. This provides a record of the time of occurrence, but no localization information. Localization of an AE source can be inferred only if two or more transducers are used and the relative time of arrival of a single acoustic event at each transducer can be measured to a fraction of a microsecond. Most AE systems have a limited capability in this area, and an implicit assumptions must be made as to the feature of the waveform used for timing purposes.
These assumptions can cause large errors and data discrepancies which limit the usefulness of commercial AE systems for localization purposes in complex structures [7] . The most sophisticated and reliable approach is to use a high-speed multi-channel wavcform recorder to capture the signals directly from multiple transducers and to carefully verify the consistency of the timing points and other waveform features [8, 9] .
Most commercial AE systems do not record the entire waveform, but rather record only a few of its parameters when one of the transducers receives a "hit" (that is, the signal exceeds a preset threshold). Commonly used parameters are the timing of the signal (its absolute time of occurrence and/or the relative time between transducers), the peak amplitude, the risetime of the signal, and some aspects of the signal duration. An AE "event" is usually referred to as a hit that occurs on two or more transducers within a specified time and that perhaps also meets some chosen criteria as to amplitude, duration, risetime, or such. The criteria defining an "event" are intended to exclude spurious signals. Of necessity the AE instrument must be programmed to allow a fixed "rearm time" or "dead time" between responses in order to distinguish two separate events from a single one of longer duration.
In all AE work signal conditioning, calibration, and elimination of background or unwanted noise sources is critical. The motion of the transducer against the structure can be a source of noise itself. Fortunately, useful AE signals usually occur in the rangc of approximately 30 kHz to 5 MHz whereas structural noise (from motion of fasteners, etc.) usually occurs in the audio range « 20 kHz). Electrical and mechanical isolation should be used to the maximum degree possible to reduce unwanted noise. However,filters are still otten needed to reduce recorded noise. These can take the form of either waveform (signal) or data filters. Waveform or signal filters adjust the frequency response of the receiving system. Data filters are selective screens which can be applied to the data applied during acquisition or post-test (using elimination criteria based on the AE parameters recorded) to eliminate some of the hits from being considered as events. There are a vast number of parameters and potential filters that affect the quantity and significance of the data. It is the author's belief that the best approach to AE testing is to understand the basic factors controlling the data first, and not to simply see what comes out of the system using the parameters that worked for another test or blindly trying variations of them. The investigator should first understand as much as practical about the production and propagation of acoustic signature in specific material, including the modes of propagation between the AE source and the transducer. This understanding of the acoustic processes in the specific material and structure should be followed by measurement of sample signals with wideband transducers, amplifiers, and conventional signal analysis equipment (oscilloscopes, transient recorders, and FFT analysis) to determine frequency content, expected amplitudes and other signatures. Only with this information at hand can an intelligent selection be made as to the proper transducers, filters, and AE parameters. Location should be used if possible to eliminate unwanted hits, although complicated modes in a test object may limit the degree to which selection by location can be applied.
For amplitude calibration the lead break technique [10] provides a reliable of calibrations of absolute signal amplitudes to an accuracy of approximately +1-6 dB. There are certain technical considerations that need to be observed, including the fact that the best calibration requires Pentel leads of the original design. The leads in current production have been improved for their intended purposes as writing implements, and require a higher force to break and result in AE signal amplitudes that have both a greater mean and variance. Leads certified for AE calibration are available through the Japanese Nondestructive inspection Society (Tokyo).
The author has often used an auxiliary transmitting transducer connected to a pulser which provides regular reference signals to allow verification of couplant, amplitude calibration, and location calibration. This can also provide a continuous measurement of the velocity in the sample, which is a valuable supplement for some studies.
A plot of the cumulative number of events has been found to be easier to interpret than the events in a fixed time interval since it is not dependent on the definition of an arbitrary partition of the time axis into intervals (sometimes called "bins") for counting events. The local slope of the curve is proportional to the rate of AE activity at that time.
The AE data obtained in the studies reported here was recorded using commercial instrumentation which recorded two channels of AE data. The systems also were capable of recording two channels of parametric data, such as temperature or load cell readings. A model 1220 Preamplifier and type R15 (150 kHz, 0.375" dia.) transducer were used on each channel (both made by Physical Acoustics, Inc. of Princeton, New Jersey). Concentrated Karo syrup (having been boiled down to reduce water content and increase viscosity) was usually used to couple the transducers to the sample. This couplant appears to be satisfactory over the wide temperature range needed (-25°F to 160°F). For steel samples magnetic hold-downs were used to keep the sensors in place during the measurements. This coupling scheme is described elsewhere [ll] .
SPECIFIC APPLICATIONS AE has been used in several of the programs conducted by NSWC and its collaborators. Several test procedures have been used in the NASA Solid Propulsion Integrity Program (SPIP) to improve our understanding of bondlines in solid rocket motors and their modes of failure. These include both material characterization tests, such as bond-in-tension (BIT) tensile tests and blister peel tests, as well as controlled laboratory model tests, such as the thermal stressing of a small scale analog motor. Additional information on the time offailure, its initiation point, and ~ts final extent (shape and size), would be particularly usefuL AE, although not a defect or flaw imaging technology, can in theory provide the first two pieces of information.
Blister Peel Tests
The blister peel test is designed to propagate an existing flaw along the bondline in order to determine its fracture toughness or energy release rate. Fig. 1 shows the blister peel sample and apparatus. In this test, air is injected into a preformed detect and its growth is observed visually and/or monitored by tracking the changes in applied pressure and blister volume with time. This data provides information with which to validate the various available fracture mechanics models. The particular example shown in Fig. I is used to test the steel case-to-insulator bondline. The transducers were coupled to the edge of the steel backplate, which represents the steel rocket motor case. In addition to the AE data, the instrumentation recorded two additional inputs: the applied pressure, and the blister volume. The blister volume was calculated from the change in pressure of the air trapped between the back side ofthe blister and the glass constraint, as shown in Fig. 1 .
In Fig. 2 , the AE data is presented along with the blister volume vs. time. The pressure ramp started at 0 psi at 40 seconds and increased nearly linearly to 85 psi at 250 seconds, when the test was terminated. The AE data agrees with the debond growth indicated by the blister volume. Note that between 160 and 240 seconds the slope of acoustic activity is constant at 16 events/second. The 50 ms re-arm time used prohibits recording at rates exceeding 20 events/second. Since statistical considerations dictate that the data will saturate at a lower rate than that limit, the actual rate of AE events could have been considerably higher than recorded. This data is presented in detail elsewhere [12] .
Thermal Stressing Tests
The Bondline Analog Motor (BAM) is a test article designed to fail at the insulation-to-propellant bondline in a predictable manner under test conditions. The test items in the series were designated BAM-O, BAM-I, etc. in the order of their design. Only a brief discussion of the BAM-O test will be given here since a more complete reporting is presented elsewhere [12] . The high coefficient of thermal expansion of the inert propellant, together with other design considerations, was calculated to cause bondline failure in the motor midsection prior to propellant fracture during thermal cooldown. This test article was instrumented with various stress gauges and subject to radiographic and other tests both before and after the thermal cool-down test. None of these technologies proved useful for in-situ monitoring: they either were not sufficiently sensitive to detect unbonds reliably or they could not be readily applied to the test environment. (In this test the temperature was varied from 160°F to -30°F and the environmental chamber could only be opened for brief isolated intervals to provide limited access to the motor.) Only AE, evaluated after it had shown some promise from blister peel results, was shown capable of providing any information on the onset of unbond growth.
Prior to instrumentation with AE the BAM-O analog motor had been subjected to a previous thermal cool-down test that resulted in bondline failure. The location and extent ofthe unbond was documented by computed tomography (CT). With knowledge of the general extent and location of the unbond, the transducers were placed in suitable locations to monitor defect growth. A calibration pulser and transducer was not used at the time of this test. During testing, the environmental chamber was opened briefly every 15 minutes and the transducer coupling and system sensitivity were verified by manual tapping. The motor case was tapped at least five times midway between the two transducers and the AE waveforms were recorded on the oscilloscope. This accounted for slightly over 5 hits on each transducer approximately every 15 minutes. The waveforms from the tapping were similar to those observed in the blister peel test. These were long duration signals with a frequency of approximately 70 kHz, corresponding to the thickness-mode resonance of the steel case. The received waveform is dominated by a combination of the narrow-band transducer response and the characteristics of the steel case, both of which contribute to the long duration of the signal. Most waveforms from known electrical interference (temperature control system, etc.) were of considerably briefer duration. For this reason, a data filter that rejects signals of short duration would be expected to result in additional noise elimination.
Temperature records indicated that prior to this test the insulation-to-propellant interface had probably not seen temperatures below OaF. Fig. 3 shows the AE response of BAM-O during thermal cool-down and shows the effect of a simple data filter based on amplitude alone. The calibrated tapping signals only account for about 10% of the slope of cumulative hits vs. time in the unfiltered data. When the data is filtered by removing those hits with amplitudes less than 70 dB, the calibration signals account for most of the data in the first 200 minutes and the steps at the calibration times are quite evident. This simple data filter makes it easier to discern the increase oflegitimate acoustic activity.
The minor increase in AE activity at about O°F, corresponding to the lowest temperature that BAM-O is believed to have previously seen, is consistent with the Kaiser effect (that little or no AE activity is expected until previously reached stress levels are exceeded). Note that the temperature at the case-to-insulation interface lags behind that of the external case by as much as gOF. This thermal lag is even more severe at the insulationto-propellant interface. The major increase in AE activity at -24°F is therefore thought to coincide with the bulk of the insulation-to-propellant bondlinc and surrounding material dropping below the lowest prior temperature (and consequently exceeding previously achieved stress levels). This would be expected to cause further propagation of the previously induced failure with a resulting dramatic increase in AE activity. Later tests on the motor confirmed that the damage had indeed propagated.
Other data filtering schemes, such as eliminating hits of short duration, were tried and many resulted in slight additional improvement in discrimination. Inspection of the AE data indicated that most of the noise signals that were not rejected by a 70 dB and 300 fls post-test filter occur as hits on both of the transducers within 0.5 to 3.7 flS of each other. This suggests that the noise level could be further reduced by rejecting hits spaced this closely in time on the two transducers. It would, however, have the effect of rejecting legitimate events that are within about 0.5 inch of the centerline between the transducers. With timing information from 3 or more transducers, noise events that reach all transducers simultaneously, and therefore not consistent with a believable acoustic location, could be eliminated without loss of legitimate AE data. 
Bond-In-Tension (BIT) Tests
One of the objectives of the NASA Solid Propulsion Integrity Program (SPIP), in which the Air Force, Army and Navy are participating, is to determine the margins of safety in solid rocket motor bondlines. As a part of this effort, Bond-In-Tension (BIT) tcst specimens have been used for measuring bondline strength. In order to replace load limitations based on arbitrary safety margins the ability to precisely determine the actual onset of failure is needed. Tensile tests were performed on a series of BIT test specimens. AE and real time radiography (RTR) were used while the specimens were being pulled to determine the failure loads and failure modes for different bondline fabrications. Both the AE and RTR provided indications that the onset of failure occurred prior to the maximum tensile load.
The BIT specimen and the manner in which the AE system was incorporated into tensile testing of these specimens is shown in Fig. 4 . The lower end tab is representative of the steel case and its bondline to the insulator. The upper end tab provides a means of gripping the propellant for the tension test and is not representative of solid rocket motor structures. The transducers were coupled to the steel end tabs by the method described earlier [11] . The AE unit threshold was set to about 100 microvolts peak at the transducer. Two AE transducers recorded AE activity while an additional transducer attached to the propellant end tab provided a reference pulse. The transmission pulse assured that the transducer-to-tab bond was consistent amongst the specimens. Monitoring the ability of the bondline to transmit acoustic energy during the test provides an additional indication of the onset of bond line failure. The low pulse repetition frequency of I pulse per second produced minimal interference with the AE signals.
For this test the AE signals were logged by an AEMS-I 00 I AE monitoring unit (Acoustic Emission Monitoring Systems, Inc., Kingston, Ontario). The AE data presented in this report represent all events that exceeded the threshold. Pulser-initiated events are not eliminated, so a constantly increasing background count is included in the data.
The data in Fig. 5 shows practically no AE activity until a sudden increase 15 seconds into the test, at which time the load shows a momentary decrease. This change indicates that damage initiation occurs at 100 pounds load, which is about 30% lower than n ME (SEC) Fig. 5 . Acoustic emission and load cell data from a solid rocket motor bond-in-tension specimen. Note the great increase in acoustic emission activity and the brief drop in load at 15 seconds into the test. This indicates a weakening of the sample at a load considerably short of the ultimate test load that is conventionally defined as the failure load.
the maximum load. This demonstrates the potential of AE to determine the onset of damage. Using a design criteria based on the load which causes the onset of damage rather than using a load which is arbitrarily derated from the pcak load is the major thrust of the paper for in which this data was published [13] . This technique has the promise of being able to define the strength limits of a material based on the actual onset of failure, rather than using arbitrary factors to extrapolate back from the final failure load, which can depend on variations of precisely where the failure initiated and how it propagated in the individual specimen.
CONCLUSIONS AE can supplement other techniques for the evaluation of bond lines. It has been used both to determine the onset and progress of damage during a test and also to define the strength limits of a material based on the actual onset offailure.
It is Important to have at least an empirical understanding of the AE signature before selecting the transducers, filtering, and AE parameters.
Providing a reference pulse with an auxiliary transducer has several advantages. This provides an assurance that coupling has been maintained, that the amplitude calibration has not changed, and can be used to provide velocity information.
Mention of specific equipment and products used in these studies is provided for the reader's information in understanding the work. Such mention does not constitute either an endorsement or a criticism of those products. The reader is encouraged conduct his or her own investigation as to the suitability of the products and their revisions that are available at the time.
